The hop plant, Humulus lupulus L., has an exceptionally high content of secondary metabolites, the hop ␣-acids, which possess a range of beneficial properties, including antiseptic action. Studies performed on the mode of action of hop iso-␣-acids have hitherto been restricted to lactic acid bacteria. The present study investigated molecular mechanisms of hop iso-␣-acid resistance in the model eukaryote Saccharomyces cerevisiae. Growth inhibition occurred at concentrations of hop iso-␣-acids that were an order of magnitude higher than those found with hop-tolerant prokaryotes. Chemostat-based transcriptome analysis and phenotype screening of the S. cerevisiae haploid gene deletion collection were used as complementary methods to screen for genes involved in hop iso-␣-acid detoxification and tolerance. This screening and further analysis of deletion mutants confirmed that yeast tolerance to hop iso-␣-acids involves three major processes, active proton pumping into the vacuole by the vacuolar-type ATPase to enable vacuolar sequestration of iso-␣-acids and alteration of cell wall structure and, to a lesser extent, active export of iso-␣-acids across the plasma membrane. Furthermore, iso-␣-acids were shown to affect cellular metal homeostasis by acting as strong zinc and iron chelators.
The hop plant, Humulus lupulus L., belongs to the Cannabaceae family (36) . Hop cones have an exceptionally high content of secondary metabolites, the hop acids, which account for up to 25% of their dry weight (13) . The hop acids consist of two related groups of compounds, the ␣-acids and the ␤-acids. Three major types of ␣-acids (humulone, cohumulone, and adhumulone) are water extracted from the resin and isomerized to six different iso-␣-acid isomers (cis,trans-humulone, cis,trans-cohumulone, and cis,trans-adhumulone, Fig. 1 ). These iso-␣-acids possess antiseptic properties and impart the typical bitter flavor of beer (28) . Their average concentration is 20 to 30 mg liter Ϫ1 in lager beer (28) . In addition to the ␣-acids, hop-derived polyphenols, flavonoids, and prenylated flavonoids are present in trace amounts in beer (13) .
The antiseptic properties of hop extracts have been widely studied because of their relevance to beer production. In 1888, Hayduck showed that the antiseptic properties of the hop plant were due to the soft resins (24) . Later studies identified humulone as a hop antiseptic agent. Gram-positive, but not Gram-negative, bacteria are sensitive to ␣-and iso-␣-acids. This sensitivity increases with decreasing pH (52, 53) , thus resembling classic weak organic acid stress, where uncoupling of the plasma membrane pH gradient causes an increased ATP requirement for proton export (48) . Indeed, potentiometric studies support the notion that undissociated trans-isohumulone acts as a protonophore that dissipates the transmembrane pH gradient (1) . Lactic acid bacteria that occur as common beer spoilage organisms, such as Lactobacillus brevis, have developed resistance to hop iso-␣-acids. The mechanisms responsible include expulsion of iso-␣-acids by the cytoplasmic membrane ABC transporter HorA (4, 5, 48) . Increased activity of H ϩ -ATPase has also been implicated in tolerance, via the generation of a proton motive force that can be used to energize export of Mn-chelated hop iso-␣-acids from the cell (55, 56) .
Beneficial health effects have been attributed to hop compounds since medieval times (65) , and recent experimental research has indicated anticancer potential for selected hopderived compounds (reviewed in references 18 and 57). However, the molecular mechanisms that underlie these effects and possible mechanisms of hop acid tolerance in eukaryotic cells remain largely unknown. The present study aimed to investigate mechanisms of hop iso-␣-acid toxicity and tolerance in a eukaryotic organism. The availability of a well-annotated genome sequence (19) , its excellent genetic accessibility, and the importance of Saccharomyces yeasts in beer fermentation make Saccharomyces cerevisiae an ideal model organism for such a study. Two complementary genome-wide approaches were employed to investigate cellular responses of S. cerevisiae to hop extracts enriched in iso-␣-acids. Microarray-based transcriptome analysis was performed on chemostat cultures of an S. cerevisiae reference strain grown in the presence or absence of iso-␣-acids. In addition, screening of the nearly complete set of yeast open reading frame haploid knockouts generated by the Saccharomyces Genome Deletion Project (Open Biosystems) (67) identified specific mutants with increased hop sen-sitivity. Subsequently, the involvement of selected genes and cellular processes in hop acid sensitivity and tolerance was analyzed by construction and detailed analysis of selected mutant strains.
MATERIALS AND METHODS
Strains. The S. cerevisiae strains used in this study are listed in Table 1 . Deletion mutants were constructed by using standard yeast medium and genetic techniques and were routinely grown at 30°C on complex (YPD) or defined medium (11) . Gene deletions were introduced into strain CEN.PK113-5D (provided by P. Kötter, Frankfurt, Germany), which carries an auxotrophy for uracil. The Geneticin (G418) resistance cassette was amplified by using the pUG6 vector as the template (22) , while the genes for hygromycin B (hphNT1) and nourseothricin (natNT2) resistance were amplified from pAG32 and pAG25, respectively (20) . Dominant selection markers were removed by the Cre-loxP recombination system as previously described (22) . For chemostat cultivation, strains IMK133 (MATa MAL2-8c SUC2 ura3 pdr3::loxP pdr1::loxP kanMX loxP) and IMK246 (MATa MAL2-8c SUC2 ura3 pdr3::loxP pdr1::loxP kanMX loxP yrr1::hphNT1 yrm1::natNT2) were transformed with plasmid p426-GPD (40) carrying URA3, resulting in strains IMK159 and IMZ110, respectively (Table 1) .
Strains expressing C-terminal green fluorescent protein (GFP) fusions were selected on hygromycin-containing plates. The hygromycin resistance cassette containing the GFP tag was amplified from the pYM25 vector as the template (30) . For the oligonucleotide primer sequences used in this study, see Table S1 in the supplemental material.
Media. The synthetic medium (59, 64) . Phenotype screening and plate assays were performed with synthetic agar medium containing all of the auxotrophic requirements (yeast nitrogen base at 6.7 g liter Ϫ1 and
yeast dropout supplement at 1.92 g liter Ϫ1 [11] ) with an initial pH of 6.0. For anaerobic growth, 420 g/ml Tween 80 and 10 g/ml ergosterol were added to the medium. The assays at alkaline pH were performed with synthetic agar medium containing 100 mM Trizma buffer, and the pH was adjusted to 7.5 or 8.0. Preisomerized hop extract. Hop extract enriched in iso-␣-acids was obtained from Joh. Barth & Sohn (Nuremberg, Germany). The extract consisted of a mixture of six different iso-␣-acids. Purification of iso-␣-acids from hop extracts was performed according to the method of G. Aerts and J. De Clippeleer (personal communication). Three purified fractions were obtained: a total iso-␣-acid purified fraction, a cis-enriched fraction, and a trans-enriched fraction. The four different hop solutions were analyzed by high-performance liquid chromatography (HPLC) with a Symmetry C 18 column (Waters Chromatography, Milford, MA) using 48.6% (vol/vol) acetonitrile as the mobile phase. The compositions of the hop extracts used in this study are indicated in Table 2 . All hop fractions were stored at 4°C, protected from light, and filter sterilized before use.
Shake flask cultivation. Growth experiments were performed with 500-ml flasks containing 100 ml of mineral medium supplemented with glucose, vitamins, and iso-␣-acid-enriched hop extract at an initial pH of 4.0, 5.0, or 6.0. The flasks were incubated at 30°C on an orbital shaker set at 200 rpm. Ϫ1 total iso-␣-acids was equivalent to 0.14 g liter Ϫ1 cisand 0.06 g liter Ϫ1 trans-iso-␣-acids. The supplementation of the medium with cisand trans-iso-␣-acid-enriched solutions was normalized so as to obtain concentrations equivalent to those of the initial fractions ( Table 2) . Anaerobic cultures were incubated in a Bactron Anaerobic Environmental Chamber (Sheldon Manufacturing, Inc., Cornelius, OR).
Chemostat cultivation. Anaerobic glucose-limited steady-state chemostat cultures at a dilution rate of 0.10 h Ϫ1 of S. cerevisiae strains CEN.PK113-7D, IMK159 (pdr3::loxP pdr1::loxP kanMX loxP), and IMZ110 (pdr3::loxP pdr1::loxP kanMX loxP yrr1::hphNT1 yrm1::natNT2) were prepared as previously described (64) . Iso-␣-acid-enriched hop extracts were filter sterilized and added at a concentration of 0.2 g liter
Ϫ1
. Medium reservoirs containing iso-␣-acid-enriched hop extracts were stored at 4°C and protected from light.
Analytical methods. Culture supernatants were obtained after centrifugation of samples from the chemostats. For glucose determination and carbon recovery, culture supernatants and media were analyzed by HPLC on an AMINEX HPX-87H ion-exchange column using 5 mM H 2 SO 4 as the mobile phase. Culture dry weights were determined via filtration as described by Postma et al. (45) .
Microarray analysis. Sampling of cells from chemostats, total RNA extraction, cDNA synthesis, and hybridization on the arrays were performed as previously described (14) .
Transcriptomic data acquisition and statistical analysis. Acquisition and quantification of array images and data filtering were performed using Affymetrix GeneChip Operating Software version 1.2. To eliminate insignificant variations, genes with expression values below 12 were set to 12 as previously described (9) . The Significance Analysis of Microarrays (version 1.12) (61) add-in to Microsoft Excel was used for comparison of replicate array experiments using a fold change threshold of two and an expected false-discovery rate of 0.125%. Transcript data can be downloaded from the Genome Expression Omnibus database (3) (http: //www.ncbi.nlm.nih.gov/geo/) under series accession number GSE15094.
Fisher's exact test. The genes differentially expressed were examined for enrichment in functional annotation in the MIPS (39) and GO (17) databases as previously described (33) .
Motif discovery. Promoter analysis was performed using the web-based software Regulatory Sequence Analysis tools (62, 63) . The promoters (from Ϫ800 to Ϫ1) of each set of coregulated genes were analyzed for overrepresented hexanucleotides.
Fluorescence microscopy. Strains containing GFP-fused ABC transporters were grown in shake flasks containing mineral medium supplemented with glucose, vitamins, and uracil in the presence or absence of 0.2 g liter Ϫ1 iso-␣-acids. The cells were washed once and observed under a microscope. Phase-contrast and fluorescence microscopy was performed with a Zeiss Imager.D1 microscope equipped with a 100ϫ Plan Neofluor oil immersion lens. Zeiss filter set FS10 (excitation bandpass, 450 to 490 nm; emission bandpass, 515 to 565 nm) was used for GFP studies. Images were taken with a Zeiss Axiocam MRc (exposure time, 547 ms) and analyzed using the Axiovision 4.5 software.
Differential vacuolar and cytosolic pool fractionation. For the determination of the subcellular localization of hop iso-␣-acids in yeast cells, shake flask cultures were grown on glucose synthetic medium with 0.2 g liter Ϫ1 hop extract. The equivalent of 3 ϫ 10 8 cells were harvested by centrifugation (4,500 rpm, 5 min) and washed thrice with water. Differential fractionation of vacuolar and cytosolic pools from total cells was performed as previously described (32, 43) . Total cell extract and vacuolar and cytosolic pools were analyzed for iso-␣-acid content by HPLC as described above. Arginine was measured by HPLC using a Biochrom20 amino acid analyzer from Biochrom Ltd. (Cambridge, England) with Li-citrate buffer as the mobile phase. Detection was performed after derivatization with ninhydrin at 570 nm according to the procedure developed by Ansynth Service B.V. (Roosendaal, The Netherlands).
RESULTS
Effects of hop iso-␣-acids on specific growth rates and biomass yields on glucose. To assess the impact of hop iso-␣-acids on specific growth rates, S. cerevisiae CEN.PK113-7D was grown in shake flask cultures on glucose synthetic medium (pH 6.0) in the presence of different concentrations of iso-␣-acidenriched hop extract. At 0.2 g liter Ϫ1 of iso-␣-acids, S. cerevi- siae CEN.PK113-7D exhibited a specific growth rate close to that of reference cultures grown in the absence of hop acids ( max ϭ 0.38 h Ϫ1 , Table 3 ). A further increase in the iso-␣-acid concentration to 0.5 g liter Ϫ1 led to a decrease in the growth rate to 0.32 h Ϫ1 . Growth inhibition was more pronounced at a low initial culture pH (pH 5.0 and pH 4.0, Table 3 ), suggesting that the undissociated forms of the iso-␣-acids are primarily responsible for growth inhibition.
Effects of hop iso-␣-acids on biomass yield were analyzed in anaerobic glucose-limited chemostat cultures (dilution rate, 0.10 h Ϫ1 ) of S. cerevisiae CEN.PK113-7D grown in the presence or absence of 0.2 g liter Ϫ1 iso-␣-acid-enriched hop extract. Under these conditions, the biomass yield (Y x/s ) in the presence of hop acids was slightly but significantly (Student's t test, P value ϭ 0.015 Ͻ 0.05) lower than in the reference cultures (Table 4 ). An uncoupling effect, possibly at the plasma membrane, was further supported by slight increases in the specific rates of ethanol and carbon dioxide production in the cultures supplemented with hop extracts (Table 4) .
Genome-wide analysis of hop iso-␣-acid tolerance mechanisms. To identify molecular mechanisms involved in hop iso-␣-acid resistance in S. cerevisiae, a haploid deletion collection in the BY4741 strain background was screened for resistance to iso-␣-acid-enriched hop extracts. This screen revealed 20 hop extract-sensitive mutants (Table 5) , of which 14 were inhibited by 0.2 g liter Ϫ1 of hop iso-␣-acids while 6 only showed reduced growth in the presence of 1 g liter Ϫ1 hop iso-␣-acids (see Fig. S1 in the supplemental material). To verify that the observed phenotype was specific to iso-␣-acids (and not by contaminants that might be present in the hop extracts), three additional hop fractions were tested: a purified iso-␣-acid extract and two preparations that were enriched with the cis or trans isomers of iso-␣-acids. The sensitivity of these 20 mutants was unaltered under both aerobic and anaerobic conditions, thus confirming that they were indeed sensitive to cis and trans isomers of iso-␣-acids. When the 20 deletion mutations were introduced into the CEN.PK113-5D genetic background, the resulting mutants all exhibited the same phenotype as the BY4741-derived mutants (results not shown). The main cellular functions affected in the 20 sensitive mutants (Table 5) were vacuolar acidification (10 genes), vacuolar protein sorting (5 genes), and homeostasis of iron and zinc (2 genes). Three additional mutations were identified as causing hop acid sensitivity: rnr4⌬ (involved in DNA repair), fun32⌬ (functions in signal transduction for shmoo formation in response to ceramide), and och1⌬ (␣-1,6-mannosyltransferase).
Genome-wide transcriptional responses to hop acids were studied by microarray analysis of anaerobic, glucose-limited chemostat cultures of S. cerevisiae CEN.PK113-7D grown in the presence or absence of 0.2 g liter Ϫ1 iso-␣-acid-enriched hop extract. Based on a fold change threshold of two and a false-discovery rate of 0.125%, 120 genes were transcriptionally upregulated and 198 genes were downregulated in the presence of hop iso-␣-acids (see Table S2 in the supplemental material). Fisher's exact test was applied to the sets of up-and downregulated genes to assess enrichment for functional categories from two publicly available ontology databases: MIPS (39) and GO (2) . No enrichment of functional categories was found among the downregulated genes. However, analysis of the 120 upregulated genes revealed overrepresentation of the MIPS category "cell rescue, defense, and virulence" and, more specifically, the subcategories "stress response" (17 genes), "osmotic and salt stress responses" (7 genes), and "detoxification" (9 genes) ( Table 6 ). Most of the upregulated genes be- 
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at BIBLIOTHEEK TU DELFT on February 5, 2010 aem.asm.org longing to the category "stress response" encoded cell wall proteins (PIR1, PIR3, TIR3, SED1, YGP1, PAU1, PAU2, and PAU7). Furthermore, six multidrug resistance (MDR) transporters were significantly upregulated. Of these, the largest change (12-fold) was observed for PDR5, while transcript levels of SNQ2, TPO1, and PDR15 increased by 2-to 4-fold. The transcript levels of two additional genes encoding MDR transporters, PDR16 and AZR1, also increased significantly, but their expression levels remained low (see Table S2 in the supplemental material). The PDRE regulatory network participates in hop iso-␣-acid tolerance. Chemostat-based transcriptome analysis revealed a significant upregulation of several MDR transporters in the presence of iso-␣-acids. To verify that this response was not limited to transcription, C-terminal GFP fusions of PDR5, PDR15, TPO1, and SNQ2 were constructed. Yeast strains expressing these gene fusions were grown in shake flasks on glucose synthetic medium with and without 0.2 g liter Ϫ1 iso-␣-acid-enriched hop extract. Subsequently, the expression and cellular localization of the fusion proteins were examined by fluorescence microscopy. The fusion proteins Pdr5p, Pdr15p, Tpo1p, and Snq2p were expressed in the absence, as well as in the presence, of hop extract (Fig. 2) . Pdr5p, which was transcribed at the highest levels, was clearly localized to the plasma membrane and strongly induced in response to hop iso-␣-acids (Fig. 2) . The profile of the Tpo1p fusion was the same, albeit less pronounced. Due to low expression levels, no clear indication could be retrieved from the Pdr15p and Snq2 localization assays. Although transcriptome analysis suggested involvement of MDR transporters in iso-␣-acid resistance, the corresponding genes were not identified in the screening of the yeast deletion collection. Analysis of upstream cis-regulatory sequences revealed that 30 hop-upregulated genes (25%) contained a PDRE (pleiotropic drug resistance element) (23), CSNBGRA (Fig. 3A) , that can be recognized by five functionally redundant transcription factors (Pdr1p, Pdr3p, Pdr8p, Yrr1p, and Yrm1p). All of the MDR transporter genes discussed in the preceding section were previously shown to be part of this regulon. To study the possibility that the absence of a hop acid sensitivity phenotype in strains carrying individual deletions in transporter genes was due to functional redundancy of MDR transporters, a pdr5 pdr15 snq2 triple-deletion mutant was constructed and all of the strains were tested under aerobic and 
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at BIBLIOTHEEK TU DELFT on February 5, 2010 aem.asm.org anaerobic conditions. Although expression of these three genes was clearly induced by hop iso-␣-acids and fusion proteins of Pdr5 were located at the plasma membrane, the tripledeletion strain was not more sensitive to hop extracts than the corresponding reference strain (Fig. 3B ). In addition, despite the clear induction of the PDRE regulon by hop extracts, single (pdr1⌬ or pdr3⌬)-and double (pdr1⌬ pdr3⌬)-deletion mutants did not exhibit an increased sensitivity to hop extracts. However, when the structural genes for all four transcriptional activators (PDR1, PDR3, YRR1, and YRM1) were deleted, increased sensitivity was observed in medium containing 1 g liter Ϫ1 hop iso-␣-acids (Fig. 3B ). This result confirmed both the involvement and functional redundancy of the PDRE regulon in hop iso-␣-acid resistance.
To investigate the transcriptional changes caused by deletion of PDR1 and PDR3, and subsequently YRR1 and YRM1, the pdr1⌬ pdr3⌬ and pdr1⌬ pdr3⌬ yrr1⌬ yrm1⌬ mutant strains were grown in chemostat cultures (experiments were performed in duplicate) in the presence of 0.2 g liter Ϫ1 iso-␣-acid-enriched hop extract. Under these conditions, the physiological data for both strains were similar to those of the isogenic reference strain (result not shown). Comparison of transcriptome data with those of hop extract-supplemented cultures of reference strain CEN.PK113-7D (see Table S3 in the supplemental material) showed that only one-third of the PDRE-containing genes were solely dependent on Pdr1 and Pdr3 (among which are PDR5, PDR15, PDR16, RTA1, and SNQ2) (Fig. 3) . In addition, we found that two MDR transporter-encoding genes (TPO1 and AZR1) were only downregulated upon the deletion of all four transcriptional activators. Hence, the sensitivity of the pdr1⌬ pdr3⌬ yrr1⌬ yrm1⌬ quadruple mutant to hop extract in comparison to that of the pdr1⌬ pdr3⌬ double mutant can be attributed to the transcriptional activation of fewer plasma membrane MDR transporters, thus resulting in less-efficient removal of iso-␣-acids from the cells.
Acidification of intracellular compartments: a key mechanism. No fewer than 10 genes encoding subunits of the vacuolar-type ATPase (V-ATPase), VMA1, VMA5, VMA6, VMA8, VMA9, VMA10, VMA13, VMA21, VMA22, and VPH2, were essential for survival in the presence of hop iso-␣-acids (Table 5 ). They encode subunits of both the V0 (VMA6 and VMA9) and V1 domains (VMA1, VMA5, VMA8, VMA10, and VMA13), along with three assembly factors (VPH2, VMA21, and VMA22) involved in the early-stage assembly of the complex in the endoplasmic reticulum (21) . Microarray analysis showed that the transcript levels of these genes were not affected by hop extract addition.
The identification of only 10 of the 17 vma mutants in this screen suggested some specificity for the subunits of the VATPase required for hop resistance. To corroborate this, all 17 vma mutants were retrieved from the collection and submitted to a phenotypic analysis at different concentrations of hop iso-␣-acids (Fig. 4) . The sensitivity of the vma mutants to hop iso-␣-acids was 40-fold higher; vma mutants were already sensitive to 0.005 g/liter iso-␣-acids. In vivo V-ATPase activity was assessed by growing the vma mutants under alkaline conditions (a well-known phenotype associated with the loss of V-ATPase activity [31] ), using synthetic medium agar plates buffered to pH 7.5 with Trizma buffer (Fig. 4) . While confirming the results of the initial screening, this further phenotype analysis also showed that the seven hop extract-insensitive vma mutants (the vma2⌬, vma4⌬, vma7⌬, vph1⌬, stv1⌬, vma3⌬, vma11⌬ , and vma16⌬ mutants) were also insensitive to medium buffered at pH 7.5 (Fig. 4) . This result indicates a different contribution of individual subunits to the total in vivo V-ATPase activity which perfectly correlates with their involvement in hop acid tolerance.
At a hop iso-␣-acid concentration of 1 g liter Ϫ1 , mutants affected in vacuolar protein sorting (the vps16⌬, vps52⌬, vps53⌬, and vps54⌬ mutants) and endocytosis (the chc1⌬ mutant) showed clear sensitivity (Table 5) . vps deletion strains are also sensitive to alkaline conditions (12) (Fig. 4) , suggesting an involvement of vacuolar protein sorting in the maintenance of acidic conditions in intracellular compartments. Together, these data indicate that acidification of the vacuole, the Golgi apparatus, and/or the endosomal system is a key mechanism for yeast resistance to hop iso-␣-acids.
Hop iso-␣-acids are localized in the yeast vacuole. To investigate whether hop iso-␣-acids are targeted to the vacuole, S. cerevisiae CEN.PK113-7D was grown in shake flasks on glucose synthetic medium with 0.2 g liter Ϫ1 hop iso-␣-acids. Analysis of culture medium and supernatant samples showed that 50% of the iso-␣-acids supplied in the medium were taken up by the yeast cells. When analyzing the biomass samples, 70% of the iso-␣-acids supplied in the medium were recovered in both biomass and supernatant, indicating possible chemical or biochemical degradation or conversion of iso-␣-acids during the incubation period.
After fractionation, the total biomass and cytoplasmic and vacuolar fractions were analyzed for iso-␣-acid content. Distribution of arginine, which is known to be stored in the vacuole (32, 51) , was measured as a reference. While the concentration of iso-␣-acids and arginine in cytosolic fractions was below the detection limit, a substantial 5% of the total cellular iso-␣-acids colocalized with arginine in the vacuolar fraction ( Fig. 5A and B) . Ninety-five percent of the cellular iso-␣-acids could not be retraced in either the cytoplasmic or the vacuolar fraction, suggesting a high localization of iso-␣-acids in insoluble parts such as the cell wall and/or cellular membranes. To assess the role of vacuolar acidification and the impact of a higher accumulation of iso-␣-acids in the cell, vph2⌬ (encoding the assembly factor of the V-ATPase complex) and pdr1⌬ pdr3⌬ yrr1⌬ yrm1⌬ mutant strains were included in the analysis. Quantification of iso-␣-acid accumulation in the PDRdefective (pdr1⌬ pdr3⌬ yrr1⌬ yrm1⌬) mutant showed a twofold increase in vacuolar iso-␣-acid content. In contrast, a mutant defective in the assembly of the V-ATPase complex, the vph2⌬ mutant, showed a twofold decrease in the vacuolar content of iso-␣-acids relative to its isogenic reference (Fig. 5A) . These data indicate that the extent of vacuolar accumulation of hop iso-␣-acids depends on influx of extracellular hop acids into the cells, as well as on the generation of a proton motive force by the V-ATPase.
Hop extracts affect iron and zinc status. Both the screening of the yeast deletion collection (Table 5 ) and microarray studies (Table 6 ) suggested that hop iso-␣-acids affected metal ion homeostasis. Among the genes that were transcriptionally upregulated by iso-␣-acid-enriched hop extracts, the functional category "iron ion transport" was significantly overrepresented (Table 6 ). Not only AFT1, encoding the main transcriptional activator of genes involved in iron homeostasis and transport, but also five of its target genes (SIT1, FIT1, FIT2, FIT3 , and FET3) were upregulated up to 20-fold in cultures supplemented with hop extract (Table 6 ). Expression of these ironrelated genes was downregulated in a pdr1⌬ pdr3⌬ mutant strain (Fig. 3) , indicating indirect activation via the PDR network. Consistent with the transcriptome analysis, an aft1⌬ mutant was sensitive to 0.2 g liter Ϫ1 iso-␣-acid-enriched hop extract (Table 5) . At a hop extract concentration of 1 g liter Ϫ1 , deletion of ZAP1, which encodes a transcriptional activator of genes involved in zinc homeostasis and transport (68) , also resulted in hop iso-␣-acid sensitivity. To test whether the observed hop sensitivities of the aft1⌬ and zap1⌬ mutants were indeed caused by metal ion deficiency, iron and zinc supplementation studies were performed with both mutants. In the presence of 0.2 g liter Ϫ1 ␣-acid-enriched iso-␣-acids, addition of 100 M FeSO 4 (10-fold higher than the standard concentration) restored the hop tolerance of an aft1⌬ mutant (Fig. 6) . The same result was obtained with the purified hop fraction, indicating that the effect was specific to the iso-␣-acids. Similarly, hop extract tolerance of a zap1⌬ mutant strain at an iso-␣-acid concentration of 1 g liter Ϫ1 was restored by the addition of 750 M ZnSO 4 (50-fold higher than the reference concentration; Fig. 6 ). These results are compatible with the chelation of iron and zinc by hop acids, thereby limiting the bioavailability of these essential elements.
DISCUSSION
In beer-spoiling lactic acid bacteria such as L. brevis, subculturing in hop acid-containing medium is required to develop resistance to the concentrations of hop acids that occur in beer fermentation (48) . In the present study, we investigated the tolerance mechanisms of laboratory strains of S. cerevisiae that had not been previously adapted to hop acids. The lowest concentration of hop iso-␣-acids used in the present study is ca. 10-fold higher than the MIC reported for hop-resistant L. brevis (ranging from 0.03 to 0.05 g liter Ϫ1 ) (50) and than in regular lager fermentations (28) , and even at these concentrations, the effects of hop iso-␣-acids on specific growth rate and biomass yield were moderate. The molecular mechanisms underlying this innate tolerance were investigated by two approaches, which suggested that S. cerevisiae uses complementary cellular mechanisms to defend itself against hop iso-␣-acids. All of the mechanisms identified in this study suggest that depletion of hop iso-␣-acids from the cytosol is essential in hop iso-␣-acid resistance. First, the cell wall composition is modified in response to hop acids, which is likely to contribute to their binding to cell wall constituents and/or to function as a "molecular sieve" of the cell wall that reduces the access of hop iso-␣-acids. Membrane transporters belonging to the PDRE regulon act as a second layer of defense and export hop acids from the cytosol to the external medium and, possibly, into the vacuole. Vacuolar accumulation of hop acids, which requires energizing of the vacuolar membrane by the constitutively expressed V-ATPase, is a third key process in protecting cells from the negative effects of hop acids. Finally, upregulation of Aft1p-and Zap1p-regulated genes involved in the homeostasis of cellular Fe and Zn levels appears to counteract the chelation of metal ions by hop iso-␣-acids (8) .
The two genome-wide screening approaches were found to be highly complementary. Of the three processes that were investigated in detail, the role of the vacuole was only found in the screening of the deletion library, while the PDRE regulon was only implicated in hop acid tolerance through transcriptome analysis. Metal homeostasis and cell wall modification were identified by both approaches, although in the latter case, only a single gene was found in the screening of the mutant library. Many genes involved in the early steps of N-glycosylation of cell wall proteins are essential for yeast growth, thus precluding phenotypic analysis in haploid deletion strains (25) . Of the nonessential mannosyltransferases that function in later steps of N-glycosylation, Och1, which was found to be involved in hop resistance, initiates the addition of mannose sugars to the core N-linked oligosaccharides in the cis-Golgi apparatus (41) . The Mnn1-10 proteins function later in the glycosylation process, specifically, in side chain branches of linear mannose chains (after Och1-mediated elongation of the core oligosaccharide) (42) . The fact that only the och1⌬ mutant was sensitive to hop acids indicates that linear mannosylation of glycoproteins is necessary but sufficient to ensure yeast hop resistance.
In contrast to the situation in lactic acid bacteria, where a single ABC transporter (HorA) confers hop resistance (49) , multiple transporters belonging to the PDR regulon contributed to hop acid tolerance in S. cerevisiae. The observed functional redundancy of this network and of its transcriptional regulation, which contributes to yeast tolerance to a wide range of organic compounds, confirms and extends the results from previous studies (10, 15, 16, 26, 34, 37, 44, 60 ). An important difference between prokaryotic and yeast iso-␣-acid resistance relates to intracellular compartmentalization and, especially, the role of the vacuole. V-ATPases acidify intracellular compartments such as the Golgi apparatus, endosomes of the secretory pathway, and the vacuole (21, 31) . Organelle acidification has been implicated in protein sorting in the biosynthetic and endocytic pathways, proteolytic activation of zymogen precursors, and transmembrane transport of viral contents and toxins (47, 50, 54, 58) . Our results presented here indicate that vacuolar acidification by V-ATPases provides the driving force for iso-␣-acid accumulation. If analogous to hop acid export in prokaryotes (55, 56) , hop acids might be transported into the yeast vacuole as metal anion chelates, which would contribute to the iron and zinc homeostasis responses observed in the presence of hop acids.
In cellular fractionation studies, a large part of the cellassociated iso-␣-acids could not be retraced to either cytoplasmic or vacuolar fractions, suggesting their possible localization in the insoluble fractions of the cell, most probably in the cell wall. Cellular retention of hop acids in the cell wall and in the vacuoles is relevant for the brewing process, as it decreases the concentration of these compounds in the final product. Furthermore, brewing yeast strains are commonly reused 4 to 10 times for inoculation in succeeding brews (38) . Serial repitching results in a loss of vitality and viability (38) , which, based on our results, may at least partly be due to hop iso-␣-acid stress in the vacuole. In addition, colocalization of hop iso-␣-acids and zinc in the vacuole (6) may decrease zinc bioavailability, another common problem related to beer fermentation (29) .
Involvement of the vacuole and intracellular trafficking pathways has been recognized in mechanisms of eukaryote resistance to many toxic compounds (7, 27, 66) . These results are consistent with recent findings in mammalian cells that drug resistance is correlated with changes in intracellular trafficking aem.asm.org (35, 46) , although the exact contribution of these pathways is not known. Identification of the key mechanisms of yeast hop iso-␣-acid tolerance will aid the analysis of similar systems in human cells, which is highly relevant for the therapeutic application of hop acids (18, 57) . Furthermore, based on the results of this study, it may be possible to engineer hop acid-hypersensitive yeast strains. Such strains would provide a very interesting experimental platform to study molecular targets for hop acid cytotoxicity in yeast and, via heterologous expression studies, in human cells.
